We have purified uracil DNA-glycosylase (UDG) from calf thymus 32,OOO-fold and studied Its biochemical properties, including sequence specificity. The enzyme is apparently closely related to human UDG, since it was recognised by a polyclonal antibody directed towards human UDG. SDS-PAGE and western analysis Indicate an apparent M r = 27,500. Bovine UDG has a 1.7-fold preference for single stranded over double stranded DNA as a substrate. Sequence specificity for uracil removal from dsDNA was examined for bovine and Escherichla coll UDG, using DNA containing less than one dUMP residue per 100 nucleotides and synthetic ollgonucleotides containing one dUMP residue. Comparative studies Involving about 40 uracil sites Indicated similar specificities for both UDGs. We found more than a 10-fold difference In rates of uracil removal between different sequences. 5'-G / c UT-3' and 5'.Q/ c U G /c-3' were consensus sequences for poor repair whereas 5'-A / T UA A / r 3' was a consensus for good repair. Sequence specificity was verified in double stranded oligonucleotides, but not in single stranded ones, suggesting that the structure of the double stranded DNA helix has Influence on sequence specificity. Rate of uracil removal appeared to be slightly faster from U:A base pairs as compared to U:G mis-matches. The results indicate that sequence specific repair may be a determinant to be considered in mutagenesi8.
INTRODUCTION
Removal of uracil in DNA originating from incorporation of dUMP during DNA replication or deamination of cytosine, is conducted by uracil-DNA glycosylase (reviewed in 1). Uracil base-pairing with adenine is not known to be mutagenic in ungc ells (2) . If not repaired, uracil appearing in a U:G base pair will cause a transition mutation in the next round of replication. E. coli mutants in the ung-gene encoding uracil-DNA glycosylase show some 5-fold increased spontaneous mutation rate (3) rising to 30-fold at certain bases (4) , whereas a 20-fold increase in spontaneous mutations has been found in similar yeast mutants (5) . Recent results indicate that in E.coli and mammalian cells (6) the uracil-repair pathway proceeds through removal and reinsertion of only one single nucleotide by the sequential action of a 5'-acting AP-endonuclease, DNA deoxyribophosphodiesterase, DNA polymerase and DNA ligase.
We have previously purified human uracil-DNA glycosylase (7) , and cloned and characterised its cDNA (8) . Recent results strongly indicate that this cDNA encodes both the major nuclear UDG and the minor mitochondrial form (9, 10) . Interestingly, human UDG is closely related to UDG from E.coli, S.cerevisiae, several members of the herpes virus family, Epstein-Barr virus and varicella-zoster virus (8, 11 -17) . The best characterised uracil-DNA glycosylases are all small single polypeptide chain enzymes with no cofactor requirement (1) . They remove uracil from single stranded DNA more efficiently than from double stranded DNA, in contrast to other DNA glycosylases where a preference for double stranded substrates is observed (18) . The shortest substrate for E.coli UDG is a 3'-and 5'-phosphorylated dinucleotide with dUMP in the 5' position (13) . 3' terminal dUMP in DNA is a very poor substrate for both bacterial and mammalian UDG (19, 20) . The limited information available suggests that UDG from rat liver (21) and E.coli (22) display some sequence specificity when acting on single stranded DNA.
The biological efficiency of a DNA repair system depends on overall activity of rate limiting enzymes in the pathway, and the ability of the system to preferably repair lesions in important and transcribed genes (reviewed in 23) irrespective of surrounding sequence context. Previously, a significant variation in the rate of repair in different sequences has been reported for lesions caused by ultraviolet light (24) , AP-sites (25) and O 6 -methylguanine-lesions (26) . Several reports on hot-spots for mutation and distinct mutational spectra in various genes (27, 28) indicate that both induction and repair of damage may be sequence dependent, although in many cases the mutational spectrum depends on phenotypic selection.
To establish a putative sequence specificity in uracil-DNA repair, we have examined the rate of uracil removal from about 40 positions in double stranded DNA. In these studies, we have compared sequence specific repair by a purified, although not homogeneous, uracil-DNA glycosylase from calf thymus with the analogous enzyme from E.coli. The results reveal more than 10-fold variation in the rate of repair in different sequences, allowing us to establish consensus sequences for efficient and poor uracil excision. 3 H]dUMP-containing DNA with a specific activity 0.5 mCi//imole was prepared as described (20) . All UDG assays were as described previously if not otherwise stated (20) . 1 unit of UDG activity was defined as the amount of enzyme releasing lnmole of uracil per min at 30°C.
MATERIALS AND METHODS
Purification and analysis of bovine UDG All procedures during enzyme purification were performed at 4°C. Frozen thymus from 8 weeks old calves was thawed, connective tissues and fat removed, and the thymus cut into small pieces before mincing in a food processor in 4 volumes (w/v) of a buffer containing 40mM K-PO 4 pH 7.4, 40 mM KC1, 1 mM phenylmethylsulfonyl fluoride, 1 mM 2-mercaptoethanol, 10 mM NaHSO 3 and 1 mM EDTA (buffer A). The suspension was cleared by filtration through several layers of gaze, and centrifuged at 2,300 g for 30 min to obtain the crude cytosol fraction which was loaded onto a DE-52 column (9.0 cmx4.5 cm, Whatman) equilibrated with buffer A. UDG activity eluting in the pass-through fraction was applied to a P-ll phosphocellulose column (5.0 cmX8.2 cm, Whatman, UK) and eluted in a linear KC1 gradient from 40 mM to 1 M. Fractions containing UDG activity were pooled, concentrated by ultrafiltration, equilibrated with 250 mM KG and applied to a Sephacryl S-200 Superfine column (2.6 cm, 89.8 cm, Pharmacia, Sweden). 2 ml fractions were collected at a speed of 30 ml/hour. Pooled fractions containing UDG activity were equilibrated with a buffer containing 20 mM tris-HCl pH 7.5, 40 mM KC1, 1 mM EDTA, 1 mM 2-mercaptoethanol and 10% (w/v) glycerol and applied to a DNA-cellulose column (1.6 cm X6.0 cm). The active enzyme eluted at 205 -235 mM KC1. UDG was further purified by FPLC on a Mono S column (Pharmacia) in a buffer containing 50 mM Hepes pH 8.0 and a NaCl gradient from 0 to 0.3 M, and a part of the material was finally subjected to high resolution gel filtration on a Superdex 75 PC 3.2/30 column using the SMART system from Pharmacia in a buffer containing 100 mM tris-acetate pH 7.0, 1 M NaCl, 2 mM MgCl 2 . 0.01 % NaN 3 and 10% glycerol. Protein concentrations after Mono S and Superdex 75 were estimated by absorption at 280 nm.
Substrates for analysis of sequence specificity Preparation of[ 35 S\-labelled uracil-containing dsDNA. Double stranded M13 DNA containing dUMP-residues in one strand was prepared using modified T7 DNA polymerase with dUTP present in addition to the four other normal dNTPs in a polymerase reaction under conditions as recommended by the manufacturer.
[^SJdAMP was incorporated into the nascent DNA strand in the very initial phase of the polymerisation as described in instructions from the manufacturer. The sum of dUTP and dTTP was always 12.5 tiM in the final mix, equal to the amount of each of the other three deoxyribonucleotides. Polymerase reactions were stopped by heating at 65 °C for 15 min. Control dideoxy sequencing reactions were performed in parallel.
Preparation of[
32 P] 5'-end labelled uracil-containing single or double stranded oligonucleotides. Two 22-mer oligonucleotides based on a part of the studied sequence from M13 were synthesised, each containing one dUMP residue at a position where uracil removal by UDG in M13 DNA either was fairly efficient (oligo U2, position 91) or slow (oligo Ul, position 90). Apart from the dUMP residues, both oligonucleotides were identical. Complementary oligonucleotides containing either adenine (match) or guanine (mis-match) opposite uracil were also prepared. The complete sequences are shown in Figure 4 . The oligonucleotides were PAGE-purified and dissolved in TE-buffer pH 7.5. Oligo Ul and oligo U2 were 5'-end labelled with pP] in a transfer reaction using -/[^PJATP and T4 polynucleotide kinase for 20 min at 37°C, and the kinase was heat inactivated at 65°C for 10 min. Double stranded substrates were prepared by annealing of labelled oligos to their complementary strands at a molar ratio of 1:3 by heating for 2 min at 65°C, and then slowly cooling off to about 22°C.
Excision of uracil by UDG and cleavage of AP sites using piperidine [ 35 S]-M13 DNA (0.5 ng) or 0.5 pmole [ 32 P]-labelled oligonucleotide with unlabelled oligonucleotide added to a total of 1.2 pmol in a buffer of 60 mM tris-HCl pH 8.0, 1 mM DTT, 0.1 mg/ml BSA and 10 mM EDTA, was mixed with UDG in a total volume of 25 /tl and incubated at 37°C. The UDG reaction was stopped by addition of 100 /d 1 M piperidine, and complete cleavage of AP-sites was done as described (30) . The samples were resuspended in 6 /J of sterile deionized water and 4 /J STOP solution from the Sequenase kit.
Electrophoresis and detection of relative frequencies of uracil removal Electrophoresis of M13 DNA was performed in 6.5% polyacrylamide gels containing 7 M urea in 50 mM tris-borate, 1 mM EDTA at 2,000 V for 1.5-3 hours. After fixing and drying, autoradiography was allowed to proceed overnight on Amersham /3-max film without intensifying screens. After development, the intensity of bands on the film was detected using a LKB Ultroscan XL laser densitometer (Pharmacia), and the results were evaluated using LKB gel-scan software.
Polyacrylamide gel electrophoresis (SDS-PAGE) and Western analysis Samples were prepared for SDS-PAGE by mixing equal volumes of purified UDG and 10 mM tris-HCl (pH 8.0) containing 10% 2-mercaptoethanol, 5% SDS and 2 mM EDTA and heating to 100°C for 5 min. Electrophoresis was performed in 10-15% gradient gels on the Phast system (Pharmacia). The molecular weight markers used were low range prestained SDS-standards (Bio-Rad) containing phosphorylase B (M r = 106,000), BSA (M r = 80,000), ovalbumin (M r =49,000), carbonic anhydrase (M r =32,5OO), soybean trypsin inhibitor (M r =27,500) and lysozyme (M r = 18,500). Gels were contact-blotted onto TransBlot nitrocellulose membranes (Bio-Rad, 0.45 /im pore size) in the presence of 10 mM NaHCO 3 , 3 mM Na 2 CO 3 , 20% methanol (pH 9.9) for 1 h at 65°C. Membranes were processed for western analysis by blocking for 1 h in 3% BSA (Sigma, fatty-acid free). After 5 min washing in phosphate buffered saline, 0.1% Tween 20 (PBST), membranes were incubated with 20 /ig/ml peptide specific anti-UDG primary antibodies PU337 for 1 h. Membranes were washed for 3 X10 min in PBST, and incubated with secondary antibodies (horse radish peroxidaseconjugated swine-anti rabbit, Dako 1:1000 in PBST) for 30 min. After 3x15 min washing in PBST, membranes were incubated in ECL western blotting reagent solution (Amersham) according to the manufacturers instructions and exposed to Hyperfilm-ECL (Amersham). Preparation of rabbit polyclonal antibodies against human UDG will be described elsewhere (10) . Briefly, PU337 was prepared against a KLH-conjugated peptide corresponding to amino acids 110 to 129 in human UDG. The IgG fraction was purified by affinity chromatography on protein-A agarose (BioRad, CA).
RESULTS

Biochemical properties of bovine UDG
Bovine uracil-DNA glycosylase was purified approximately 32,000-fold from extracts of thymus (Table 1) . During Mono S chromatography three peaks containing UDG activity were resolved. The major peak contained approximately 63% of the total UDG activity and eluted at 0.17 M NaCl. The other peaks contained 31 % and 6% of the activity and eluted at 0.15 M NaCl and 0.21 M NaCl, respectively. Data for the major peak is shown in Table 2 . Previously, a similar resolution into several peaks of activity after Mono S chromatography was found during purification of UDG from human placenta. Having identical molecular weights after SDS-PAGE, the peaks may stem from minor differences in charge due to post translational modification (23) . High resolution gel filtration of the major bovine UDG peak from Mono S chromatography under conditions that prevented formation of complexes with other proteins (23), gave an apparent M r = 17,000. The final preparation of UDG after gel filtration was not homogeneous, since several bands were observed on SDS-gel electrophoresis after silver staining, although the specific activity was in fact higher than previously reported for an apparently homogenous preparation of UDG from calf thymus (29) when considering the differences in assay conditions. A polyclonal antibody (PU337) against a region of human UDG (amino acids 110 through 129) recognised bovine UDG upon western blotting after SDS-PAGE, with an apparent M,.=27,5OO ( Figure 1, panel B) . This indicates that human and bovine UDG are closely related. The minor UDG activity eluting from the Mono S column at 0.15 mM NaCl also reacted with antibody pU337 and displayed MW identical to that of the major form after SDS-PAGE and gel filtration, suggesting a possible charge difference due to post translational modification of the enzyme. The purified major UDG fraction contained no detectable endonuclease activity nicking circular plasmid DNA. It did, however, contain some AP-endonuclease activity, observed as cleavage of the phosphodiester backbone of the M13-DNA UDGsubstrate when performing UDG assays in the presence of Mg 2 + . This AP-endonuclease also incised chemically depurinated DNA, indicating that there is no dependence on hydrolysis by UDG for the AP-endonuclease to be active. APendonuclease activity was also found in UDG eluting from the Mono S column at 0.15 M NaCl, and was completely abolished under assay conditions with excess amounts of EDTA (data not shown).
A 50% inhibition of UDG activity was observed at a uracil concentration of 0.4 mM. No inhibition was observed with thymine, thymidine, undine or dUMP. A pH optimum of 7.5-8.0 was observed in tris-HCl buffer. The enzyme was 1.7-fold more active on single stranded dUMP-containing DNA as compared to double stranded dUMP-DNA. A dose dependent inhibition by ethidium bromide was also found, resulting in a 50% inhibition at 70 /iM with dsdUMP-DNA and 150 /iM with ssdUMP-DNA as substrates. Maximal enzyme activity was obtained in the presence of 45 mM NaCl with dsdUMP DNA and 85 mM with ssdUMP DNA. The apparent K,JJ values, as well as the V^ values, increased significantly with increasing concentrations of NaCl. The rise in Y^ was proportional to the increase in [NaCl] over the entire examined area, whereas Vr ose almost 20-fold from 0 to 50 mM NaCl, but [NaCl] above 50 mM inhibited enzyme activity and reduced V^j values as shown in Table 2 .
Sequence specificity of uracil excision UDG from calf thymus and E.coli were used in the studies of sequence specificity. We employed primed ssM13 DNA and T7 DNA polymerase to generate dsDNA with dUMP randomly incorporated into the newly synthesised DNA strand. Possible sequence specificity in dUMP-incorporation by T7-DNA polymerase was examined by incubating the dUMP-containing dsDNA with saturating amounts of UDG, cleaving with piperidine and scanning the intensity distribution of bands appearing over approximately 300 base pairs on a 6.5% polyacrylamide gel. At a dTTP:dUTP-ratio of 10:1, the band intensities were approximately even over the resolvable section of the sequencing gel. This indicates little sequence specificity with respect to dUMP incorporation (Figure 2, panel A and B) , although when comparing some positions up to two-fold variation is observed even after 30 min incubation with 0.014 units of UDG. For most experiments a dTTP:dUTP ratio of 10:1 was used, since this maximised the number of dUMP-residues that could be resolved in one lane. Other ratios gave principally similar results with respect to sequence specificity. To compensate for any variation in dUMP incorporation, all values for uracil repair are calculated from the ratio of excision after 5 min with 0.0014 units of UDG to excision after complete cleavage with UDG.
When using limiting time of incubation with UDG from calf thymus or E. coli, a pronounced variation in band intensities was observed. The pattern was similar for both enzymes (Figure 3) . More extensive studies were carried out with bovine UDG. An example of the results obtained is presented in Figure 2A and 2B, and the pooled results from gel scans in 4 different experiments is presented in Figure 2C . •0.014U of bovine UDG was used in each assay. Seven different substrate concentrations were used for each [NaCl] , and for every substrate concentration assays were performed in triplicate. Apparent K,,, and ^m^ values were determined from Lineweaver-Burk plots. the exception of two uracils located in very A:T-rich areas (position 178 and 182, 32% and 31% repaired, respectively), all uracils flanked 3' by thymine fall in the lower section of Table  3 . Thus a U with a T 3' is usually poorly repaired and always so when G or C is found 5' to the U. Reading from the bottom of the table, all of the seven least repaired uracils are flanked 5' by one or more Gs and 3' by T, C or G. The only noticeable exception from this rule is position 83, where a slightly higher percentage of uracil excision is observed than for the consistently poor sequences. Considering Us flanked on both sides by G or C or 3' by T as poor substrates for UDG, all observations from position 187 (17% repaired) and further down to the end of the table, with the single exception of position 61, comply. The middle section of the table, with repair percentages ranging between 20 and 50, mainly contain those sequences mat fall between the consensuses for good and poor repair, most of them being flanked on one side by a 'good' base and on the other by a 'poor* base. Obviously, the bases immediately flanking a uracil Variation in the ability of UDG to excise uracil from dUMP M13 DNA. Sequences are presented in order of decreasing rate of removal. * Position number is the distance from the M13 sequencing primer to the uracil residue. b Removal of uracil is given as the mean of four independent laser scans.
moiety are imperative to the extent of repair at this site. There is, however, a significant modulating effect to be found in the surrounding bases a few nucleotides to each side of the uracil: A:T-richness tend to improve repair whereas G:C richness has the opposite effect. In summary, the experiments have allowed us to establish the following consensus sequences for poor and good repair of U in double stranded DNA: Poor repair: 5'-UT-3' and S'-G/cU^c-S', good repair: 5'-A / T UA A /T-3'. The same pattern appears whether cleavage of the phosphodiester backbone is allowed to proceed via a contaminating AP-endonuclease in the UDG preparation or is done with piperidine, but the differences are not seen in the presence of excessive amounts of enzyme or after substantially longer incubation times. When repeating the experiments using double stranded uracil-containing oligonucleotides (oligo Ul and oligo U2) as substrates for UDG, the same sequence specificity as that observed in M13-DNA appears. There is a significant difference in the ability of UDG to excise uracil from the two positions 90 and 91 in both M13 DNA and oligonucleotides. Since the uracils in the two oligos stem from neighbouring thy mines in the M13 sequence, they appear in a similar sequence context and illustrate the variation in repair within a basically similar sequence (Figure 4 ). Mismatch repair (U:G) rates in the two synthetic oligonucleotides Ul and U2 appear to be slightly less effective than repair of U in U:A matches.
The slow removal of uracil from GC-rich sequences suggested that local strand separation may be required in order for UDG to efficiently remove uracil. To examine whether the double stranded structure may explain the sequence specificity also in the case where a T 3' to U reduces excisional rate, we compared the rates of excision from double stranded and single stranded oligos. As shown in Figure 4 , two observations are made. The first is that overall excision of uracil is higher in single stranded than in double stranded DNA substrates. The second, and most important, is that the preference of U in oligo U2 over that in oligo Ul is no longer observed in single stranded substrate. All 22-mer is converted to 11-or 12-mer for both oligos after 30 min with 0.014 units of UDG with no visible preference for one position of uracil over the other. We may therefore conclude that there is an important contribution to the sequence specificity in uracil excision to be found in the structure of the double stranded DNA helix. Since repair of U in a G:C rich context in double stranded DNA was invariably poor, it would be tempting to conclude that stronger base-pairing, making access to U difficult, may account for much of the sequence specificity. However, this conclusion alone is obviously insufficient, since it can not explain the differences in repair of U in oligo Ul and oligo U2.
DISCUSSION
cDNAs and predicted amino acid sequences of uracil-DNA glycosylase from 10 species including both eukaryotes and prokaryotes, indicate that UDG is a highly conserved enzyme (8) with M r in the range of 25,000 to 28,000 (18) . The presumed mature form of human uracil-DNA glycosylase has an M r =25,800 (31) . In an earlier study on partially purified UDG from calf thymus, M r is reported to be 26,000-28,700 (29, 32) , which is fairly consistent with our results from western blotting. Although not homogeneous, the specific activity of our preparation is at least as high as that reported for a near homogeneous form of bovine UDG (29) . The gel filtration analysis on Superdex 75 gave a molecular weight smaller than what might be expected from the results from gel electrophoresis. We can not presently explain this. However, retardation due to hydrophobic interactions with the gel matrix is frequently observed during gel filtration and may be the most likely explanation. Our finding that bovine UDG is recognised by an antibody raised against a human UDG previously purified and cloned (7, 8) , indicate that these enzymes are related, and that bovine UDG is different from the products from two putative cDNAs for human UDG (33, 34) . A detailed biochemical characterisation of bovine UDG has previously been reported (29) . In this paper, UDG was reported to be more active with double stranded substrate as compared to single stranded. These findings are at variance with our results with bovine UDG, as well as with properties of human UDG (7), rat nuclear UDG (35) , and several other UDGs (reviewed in 1).
Apparently, there is little sequence specificity in dUMPincorporation by T7 DNA polymerase, as verified by the even distribution of density in all bands after incubation with saturating amounts of UDG. Therefore, the more than 10-fold variation in band intensity observed after treatment with UDG must be due mainly to the sequence specificity of the enzyme. The finding that mis-matched uracils in oligonucleotides apparently are repaired slightly less efficiently than matched uracils is somewhat surprising, considering that the prime function of UDG in mutation avoidance is thought to be removal of uracil from U:Gbase pairs to prevent transition mutations (4). However, incorporation of dUMP in DNA is thought to take place at a significant level (36) , and long term negative effects due to the presence 6"f uracil in DNA can not be ruled out.
Studies on sequence specificity of UDG have been performed by others (19, 21, 22) . Delort et al. (21) used a substrate made by deaminating cytosines in single stranded DNA fragments. The deamination conditions used are reported to completely convert cytosines to uracil, thus inducing a very high density of U in DNA. Apart from uracils located next to each other or separated by only one base being less efficiendy repaired than the average, they did not detect general sequence specific heterogeneity in repair. We feel that the methods used in this study make it difficult to obtain biologically relevant information for three reasons. First, there are no data on double stranded DNA which most likely is the biologically relevant substrate for UDG, and second, there are no controls showing lack of sequence specificity in deamination of cytosine. In fact, heat induced deamination of cytosine has previously been reported to be sequence dependent (37) . Third, if C-residues are completely deaminated, this will result in an extremely high density of uracil, far above that which will be encountered in a biological system. In a study using rat liver UDG, Domena et al. (21) observed a slight sequence specificity in repair of U in a single stranded DNA fragment containing a few uracil residues. The pattern of uracil removal in these experiments was different for nuclear and mitochondrial forms of rat liver UDG, but no conclusions with regard to the influence of sequences flanking uracil were made.
The distribution of mutations after UV irradiation or exposure to acetylaminofluorene (AAF) (24, 26) , demonstrates that although there is a correlation between exposure to a mutagen and induction of mutations, hot-spots for mutations do not necessarily coincide with the most frequent sites of DNA damage. Again, it appears that the structure of DNA itself is the major determinant for mutation distribution, and heterogeneity in repair may also here contribute to the observed distribution of mutations. Studies of the action of the E.coli and mammalian mis-match repair systems have suggested increased repair frequency for all mis-matches in regions of the DNA helix rich in G:C base pairs (38, 39) . Heterogeneity in excision of mis-matched thymines indicates that helix stability may be important for these repair systems to have full excisional effect (38) .
Apart from studies on sequence specific action of base excision repair, there are reports on enzymes that incise the DNA backbone at AP-sites in a non-random fashion. Using an APendonuclease from mouse cells, Haukanes et al. (25) found that AP-sites in purine-rich areas are the ones most readily cleaved in double-stranded DNA. This specificity was abolished in single stranded DNA, again indicating the importance of DNA helix structure on the action of DNA repair enzymes. Doetsch et al. (40) observed that redoxyendonucleases from E.coli, calf thymus and human cells show identical, distinct patterns of cleavage. It is difficult to draw conclusions regarding sequence preference from these data, however, since the variation in band intensity also corresponds to variation in oxidative damage induction in pyrimidines.
This report is concerned with heterogeneity in repair within a DNA sequence regardless of its biological significance. However, direct comparison of mutational spectra obtained in vivo with in vitro repair frequencies is not a straightforward task, since in vivo selection of mutants usually is limited to those inducing phenotypical changes. Lethal damages to DNA resulting in loss of the sequence to be studied will not be distinguished in in vivo experiments. Also, any contribution to the mutational spectra arising from heterogeneous induction of damage must be examined separately. So far there is no evidence that sequence specificity of uracil excision observed in vitro in known sequences of DNA truly reflects the situation in vivo. We are currently testing the hypothesis that hot-spots for mutations arise partly as a consequence of heterogeneous repair within specific sequences.
